1] The likely effects of climate change on the water resources of the eastern Mediterranean and Middle East region are investigated using a high-resolution regional climate model (PRECIS) by comparing precipitation simulations of 2040-2069 and 2070-2099 with 1961-1990. The simulations show about a 10% decline in precipitation across the region by both the middle and the end of the century, with considerable variation between countries and international river basins. Results suggest that per capita water resources will not change particularly significantly in southeastern Europe, where they are relatively plentiful and population growth is minimal. However, in much of the Middle East, climate change coupled with population growth is likely to reduce per capita water resources considerably. This will inevitably result in major social, economic, and environmental change in the region. Countries where the required adaptation is likely to be particularly challenging include Turkey and Syria because of the large agricultural workforces, Iraq because of the magnitude of the change and its downstream location, and Jordan because of its meager per capita water resources coupled with limited options for desalination. If the internal water footprint of the region declines in line with precipitation but the total water footprint of the region increases in line with population, then by midcentury, as much as half the total water needs of the region may need to be provided through desalination and imported in the form of virtual water. (2011), Impact of climate change on the water resources of the eastern Mediterranean and Middle East region: Modeled 21st century changes and implications, Water Resour. Res., 47, W06506,
Introduction
[2] Climate change is making itself felt in the eastern Mediterranean region [Plan Bleu, 2009 ]. The region is notorious for water stress and water scarcity as ever greater demands are placed on limited water resources through population growth and economic development [Allan, 2001] . Geographical gradients are large, however, as mean precipitation across the region varies from less than 100 mm yr À1 in Bahrain and Qatar to more than 1000 mm yr À1 in Albania, Bosnia and Herzegovina, and Georgia (Food and Agriculture Organization (FAO), AQUASTAT: FAO's information system on water and agriculture, available at http://www.fao.org/nr/water/aquastat/main/index.stm, hereinafter referred to as FAO, AQUASTAT, 2009) . Precipita-tion is thus generally low and has high spatial and temporal variability.
[3] The Middle East is the first region of the world to effectively run out of water [Allan, 2001] . The rapidly growing nonagricultural water needs of many countries in the area can generally not be met by further exploitation of water resources except through either the development of expensive desalination facilities or the reallocation of water resources from agriculture. This could bring major social and political change and risk exacerbating existing inequalities and regional tensions.
[4] Climate change is expected to bring further challenges to the task of ensuring an adequate water supply for social and economic development as changes in precipitation patterns and temperature risk reversing development gains of recent decades. By anticipating the nature and magnitude of the changes to water resources that climate change is likely to bring, the expected consequences of these changes can be foreseen, and adaptive measures may be able to be identified and put in place. While there has been some research on climate change and water resources in the eastern Mediterranean and Middle East (EMME) region, none examines water resources on a national basis for the whole region in the middle and the end of the 21st century using a high-resolution model. Krichak et al. [2007] cover the eastern Mediterranean region, but their model domain was more limited geographically, its resolution was relatively course (50 km grid), and they only covered the 2071-2100 period. Giorgi and Lionello [2008] review data from a range of models covering a range of time periods with various resolutions. The high-resolution (20 km grid) model results they reviewed, however, covered only the 2071-2100 period, and while they included the eastern Mediterranean region in their study, they did not cover the majority of the Middle East. Kitoh et al. [2008] and Önol and Semazzi [2009] only cover the end of the 21st century, while Hemming et al. [2010] only cover the 2021-2050 period in the Middle East but not elsewhere in the eastern Mediterranean. This paper examines what the likely effects of climate change on the annual renewable water resources of the EMME region are over the 21st century using a high-resolution regional climate model (PRECIS) and then seeks to identify the potential implications of these effects on water management in this already water-stressed region. Changes in interannual variability or seasonal distribution of precipitation are not examined in this paper.
[5] Climate change impacts upon whole societies and will thus require adaptation measures to be undertaken at a national or regional level. Water resources, in particular, are frequently managed on a national basis, while cross-border river basins additionally require international cooperation. This national or regional basis for water management means that the analysis that follows will only consider countries that are wholly encompassed by the modeled area and that do not receive significant cross-boundary water inflows from any transnational rivers originating outside the modeled area. Thus, Egypt, which is only partially covered by the modeled area and which receives approximately 97% of its water resources as a cross-boundary flow from the Nile River (FAO, AQUASTAT, 2009) , which originates outside the modeled area, is not included. Similarly, Iran, which is only partially covered by the modeled area, is not included, but western Iran, which encompasses some of the headwaters of the Tigris River, is included, thus allowing the consideration of the water resources of Iraq, whose river basin headwaters are wholly within the modeled area.
[6] Figure 1 shows the modeled area and the countries that are the focus of this paper : Albania, Armenia, Azerbaijan, Bahrain, Bulgaria, Cyprus, the former Yugoslav Republic of Macedonia (FYROM), Georgia, Greece, Iraq, Israel, Jordan, Kuwait, Lebanon, the Palestinian territories (the West Bank and Gaza Strip), Qatar, Syria, and Turkey. The paper is organized in five sections. In section 2 the available data sources used in this research are presented, followed in section 3 by an outline of the applied methodology. Section 4, which presents the results, is divided into the area analysis as a whole and the analysis of the individual countries, including the physical and the socioeconomic factors influencing the water resources. Finally, the paper is concluded in section 5 with an assessment of the usability of our results for policy makers in the area. [7] Water resources data have been taken from the AQUASTAT database (FAO, AQUASTAT, 2009 ) and CRU CL 2.0 [New et al., 2002] of the Climate Research Unit at the University of East Anglia. AQUASTAT data refer to long-term averages of different periods in the 20th century, on a country by country basis, that come from multiple sources, such as national sources, including country surveys carried out as part of the AQUASTAT program. Thus, for example, the AQUASTAT precipitation estimate for Jordan refers to the period for 1937/1938 to 2005/2006 , but for most countries this data set refers to the period. CRU CL 2.0 is a 10 arc min global gridded data set interpolated from 27,075 data stations for the period 1961 -1990 [New et al., 2002 . Table 1 presents basic socioeconomic and water resources data for the study countries, including annual precipitation depth, internal water resources, and percentage of available water resources used.
Data and Projections
[8] Water resources are sometimes categorized into blue and green water. Blue water refers to water that can be extracted from the environment and thus includes surface and groundwater. Green water refers to soil water resulting from precipitation, which can be used in situ by plants and returned to the atmosphere via evapotranspiration, and thus is the difference between the volume of precipitation and the blue water generated within a given area [Falkenmark, 1995] . Internal water resources refer to the blue water resources that are generated entirely within the boundaries of a country, thus being determined by the land area of the country and precipitation and evapotranspiration rates. Total water resources of a country, however, also take into consideration cross-boundary flows, with such flows in some cases significantly increasing or decreasing the total available blue water resources. In the case of Turkey, for example, internal water resources are currently estimated to be 227.0 km 3 /yr, but total water resources are 173.8 km 3 , primarily because of the outflow of water down the Tigris and Euphrates rivers (FAO, AQUASTAT, 2009 ). This paper focuses upon changes in precipitation across the study region because precipitation determines the total amount of water (both green and blue) generated within a country from natural sources and therefore is potentially available for agricultural, industrial, or domestic use. In addition, this paper also considers internal water resources (thus considering the blue water generated within a country) as this is the amount of water extractable from the environment that can be distributed by a country among different sectors. In contrast, green water can only be used in situ for agriculture.
[9] Obtaining accurate data on natural river discharges of international river basins in the Middle East region is very challenging. In part this is due to the nonrelease of data by individual countries, but it is also due to extensive water withdrawals from the region's rivers going back decades or, in some locations, millennia. This means that current river discharge observations are not representative of the natural river discharge. While there are several significant transboundary river basins in the EMME region, because of data availability limitations, just two of the more significant basins will be evaluated here: the Tigris-Euphrates river basin and the Jordan River basin. Both of these river basins provide a significant proportion of the total available water resources for certain countries in the region, and although discharge rates are not necessarily great by global standards, significant changes in their average discharge rates due to climate change could have a destabilizing effect in the region by increasing tensions within and between countries as both river basins contribute a substantial proportion of available water resources to some of their riparian countries.
[10] The socioeconomic data used in this paper are primarily drawn from United Nations sources. Economic data are from the Human Development Reports of the United Nations Development Programme (UNDP), which provide data for a multitude of development-related indicators. Population data are from the United Nations Population Division, which develops annual estimates of global human population through 2050, producing low, medium, and high variants of its estimates. While projections of future population based on natural increase can be made with some degree of accuracy up to a generation ahead, projecting population growth rates more than a generation ahead is fraught with difficulties. Such projections require demographers to try to predict the family size choices of a yet unborn generation on the basis of recent trends, and thus, they rarely stand the test of time. For example, the U.S. government's Research Committee on Social Trends in 1933 predicted that the U.S. population would grow to be between 145 and 190 million by the end of the century (with the lower figure considered more likely) [Dorn, 1950] , yet even this generously large projection range did not capture the actual population of the United States in 2000, which was 288 million [United Nations Population Division, 2009 ].
[11] Long-term population projections are derived using the cohort-component approach, which is based upon agespecific mortality and fertility rates for the population size and age distribution [Goldstein and Stecklov, 2002] . This approach works well for short-run projections, but for longterm projections, results are increasingly dependent upon the assumed rates of change in fertility and mortality rates rather than the actual starting population further into the future. Thus, it makes little sense examining population projections beyond 2050 since they are no better than guess work.
[12] The climate change on the EMME region was projected using the PRECIS regional climate model (RCM), which was developed by the Hadley Centre with a spatial resolution of 0.22 by 0.22 , approximately 25 km Â 25 km. PRECIS is a version of the Hadley Centre's RCM HadRM3P, which is based upon the atmospheric component of the coupled atmosphere-ocean global climate model HadCM3. PRECIS simulates dynamical flow and the atmospheric sulfur cycle and includes physical parameterizations for clouds and precipitation, radiative processes, the land surface, and deep soil [Jones et al., 2004] .
[13] PRECIS was run from 1950 to 2099 (P. Hadjinicolaou, E. Tyrlis, G. Zittis, M. Tanarhte, and J. Lelieveld, Simulation of recent past and 21st century climate in the eastern Mediterranean and the Middle East with the PRE-CIS regional climate model, abstract EGU2011-9429 presented at Eur. Geosci. Union General Assembly, Vienna, 2011), forced by lateral boundary conditions from the HadCM3, driven by the A1B emission scenario developed by the Intergovernmental Panel on Climate Change (IPCC) [2000] . The A1B scenario assumes very rapid economic growth, low population growth, with human population peaking midcentury, and the rapid introduction of new and more efficient technologies [IPCC, 2000] . The A1B scenario is a midrange scenario. The best estimate of global mean temperature increase in 2090-2099 relative to 1980-1999 is 2.8 C for the A1B scenario, compared to 4.0 C for the A1FI scenario and 1.8 C for the B1 scenario [IPCC, 2007] .
Methodology
[14] The model outputs from PRECIS were analyzed using ArcMap GIS software to calculate annual averages of a given parameter for the land area as a whole of each study 
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CHENOWETH ET AL.: IMPACT OF CLIMATE CHANGE ON WATER RESOURCES W06506 country. For example, using PRECIS' precipitation output for the 1961-1990 period, ArcMap estimated an annual precipitation for the Gaza Strip of 122 mm yr À1 . Being a very small territory, only 360 km 2 in area compared to the 625 km 2 resolution of PRECIS model cells, and not fitting wholly within a single cell of the model outputs, the Gaza Strip spans three cells. Very roughly, 30% of the territory occurs within a cell of 126 mm precipitation, 30% occurs within a cell of 177 mm precipitation, and 40% occurs within a cell of 82 mm. The weighted average for the territory is 122 mm of precipitation per year. The small size of the Gaza Strip and other study countries like Bahrain is problematic when calculating annual precipitation or internal water resources as the position of territory relative to individual model cells can significantly influence the result. Nevertheless, for climate change the relative difference in rainfall is relevant, so the results are considered meaningful from this perspective.
[15] The PRECIS simulations were used to calculate precipitation changes for the 2040-2069 and 2070-2099 time periods with respect to . The percentage change in internal water resources was estimated on the basis of the assumption that the percentage of precipitation lost to evapotranspiration remains constant. Thus, the projected change in internal water resources is assumed to be the same as the projected change in precipitation. Consideration was given to using the PRECIS model outputs for evapotranspiration to calculate change in evapotranspiration rates relative to the reference period and thus to permit more precise estimations of future water resources availability. However, the lack of water balance accounting in PRECIS meant that evapotranspiration model outputs were not sufficiently credible. While higher temperatures will mean greater potential evapotranspiration, actual evapotranspiration is determined by vegetation and soil moisture levels and the nature of the precipitation regime. Elasticities of streamflow are typically high in semiarid catchments, with a 1% change in annual precipitation typically leading to a 2.0%-3.5% change in annual streamflow [Chiew, 2006] . In the countries of the EMME region, during the wet winter months, when precipitation is higher than potential evapotranspiration, higher temperatures could result in a decrease of the part of the rain that turns into water resources. However, during the majority of the year, potential evapotranspiration is higher than the precipitation, and an increase in temperature will have little effect on the generation of water resources. Thus, the assumption that the change in internal water resources will be the same as the projected change in precipitation may produce an optimistic estimate of internal water resources. Oroud [2010] , for example, estimated in the case of the upper Jordan basin that a 2 increase in temperature coupled with a 10% decrease in precipitation results in a 45%-60% reduction in water yield from the basin.
[16] The AQUASTAT estimate of the volume of precipitation of a country is increased or decreased by the percentage change in precipitation estimated by PRECIS. Mean annual internal water resources for each study country were also increased or decreased by the percentage change in precipitation estimated by PRECIS. A similar method is used to calculate changes in water availability in international river basins, whereby the discharge volumes of the different subbasins of the river basin were increased or decreased by the percentage change in precipitation.
[17] Expressing this change in the form of equations, we have
where PVol precipitation volume; AqPVol AQUASTAT precipitation volume; PcP PRECIS precipitation depth; AqIwr AQUASTAT internal water resources volume; Iwr internal water resources; t 0 reference period; t 1 future time period 1 (e.g., 2040-2059).
Results: Physical Changes in Water Resources

Assessment of the Model Performance
[18] PRECIS was used to model the climate conditions of the reference period 1961-1990 in the study region to provide a baseline for assessing its accuracy and for assessing the relative change for the future assessment periods. The annual precipitation estimate over the study countries from PRECIS for the period 1961-1990 (522 mm yr À1 ) was around 6% higher than the AQUASTAT value (491 mm). When the differences in PRECIS precipitation are compared against those of the AQUASTAT data set on a country by country basis, PRECIS performs less well, with an average difference of around 27%. This may partly be related to the coarse representation of surface topography in the model (at 25 km resolution). For the 1961-1990 period, PRECIS seems to consistently underestimate precipitation in the Levant region, while it overestimates precipitation in Turkey and the western Caucasus mountains. However, it should be considered that the AQUASTAT precipitation data have been interpolated from a limited number of rain gauges, so these data may also not represent the actual precipitation pattern accurately. Table 2 shows a comparison of annual precipitation values derived from AQUASTAT, CRU, and PRECIS for the 1961-1990 period.
[19] Examining relative change of the PRECIS simulations reduces but does not eliminate the problem of modeling uncertainties. For the 2040-2069 period, for only six countries (Albania, Azerbaijan, Greece, Lebanon, Qatar, and Syria) did the relative change (%) in annual precipitation modeled for the 2040-2069 period relative to exceed the difference between the 1961-1990 simulation and the AQUASTAT precipitation data. For the 2080-2099 period the modeled change in annual precipitation exceeded this difference for seven countries (Albania, Azerbaijan, Bahrain, Greece, Jordan, Lebanon, Qatar, and Syria). Given the modeling uncertainties, all results need to be treated cautiously.
[20] The PRECIS precipitation simulations were compared on a point-by-point basis with the model outputs of an ensemble of 16 general circulation models (GCMs), which were bias corrected and statistically downscaled to a 0.5 grid, as described by Wood et al. [2004] . Comparisons
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were made for the middle (2050s) and end (2080s) of the century for the A1B emission scenario across the study area (Table 3) . These GCMs lack the resolution of RCMs and also do not pick up local environmental conditions as effectively as PRECIS. In seven of the nine locations compared, the PRECIS precipitation value falls within the range of the precipitation outputs of the GCMs for both future periods, with those locations outside the range being areas of extreme aridity and high variability in GCM model predictions. The wide range of the results of the GCM ensemble indicates the uncertainty in climate change model projections. While it may be possible to characterize model uncertainty, there is no immediate prospect of reducing the uncertainty [Wilby, 2010] . However, as noted by Foley [2010] , we cannot wait for uncertainty in climate model outputs to be eliminated before making decisions about adaptation.
Changes to Precipitation and Internal Water Resources by 2040-2069
[21] According to the PRECIS simulations, the mean annual precipitation in the study countries changes from 491 mm in the 1961-1990 period to 443 mm in the 2040-2069, thus giving an overall decline of 10%. However, five countries (Armenia, Bahrain, Georgia, Kuwait, and Qatar) show increases in annual precipitation. Among those countries, in all cases except Qatar, the PRECIS percentage difference to the reference period was greater than the percentage change in 2040-2069, suggesting that these results need to be treated cautiously. While Bahrain, Kuwait, and Qatar are projected to have precipitation (and thus water resources) increases, the absolute size of the increase is insignificant because of their current lack of water resources. Nine countries have a mean precipitation decrease of more than 10%, and of these nine countries, for four (Albania, Greece, Lebanon, and Syria) the modeled relative change was greater than the difference between the 1961-1990 model results and AQUASTAT. Cyprus and Lebanon are both projected to have a decrease in precipitation of greater than 20%. On the basis of the assumption that internal water resources change in line with precipitation across the region as a whole, internal water resources decrease from 464 to 419 km 3 . Figure 2 shows the percentage increase in precipitation in 2040-2069 relative to . Table 4 shows the modeled effects of climate change on water resources for the study countries for 2040-2069 and 2070-2099.
Changes to Precipitation and Internal Water Resources by 2070-2099
[22] The modeling results from PRECIS for the A1B scenario for the end of the century period of 2070-2099 suggest a small further decline in annual precipitation across the region from midcentury. The mean annual precipitation depth in the study countries decreases from 443 mm in the period 2040-2069 to 436 mm in 2070-2099, thus giving an average further decline in each country of 1.5% relative to midcentury and 11% relative to . Four countries (Bahrain, Georgia, Kuwait, and Qatar) are projected to have a precipitation increase, but as with midcentury precipitation estimates, the absolute size of the increase is insignificant in all of these cases except Georgia, where the increase is still a modest 1.3. km 3 . Eleven countries experience a decrease in precipitation of more than 10% relative to , and four countries (Greece, Jordan, Lebanon, and the Palestinian territories) experience precipitation decreases of more than 20%. In the cases of Greece, Jordan, and Lebanon, this decrease is greater than the difference between the 1961-1990 model results and AQUASTAT. In the case of Cyprus, while precipitation still decreases by 17% relative to 1961-1990, precipitation increases by 4% relative to midcentury.
[23] Across the region as a whole, internal water resources decrease from 464 km 3 in 1961-1990 to 412 km 3 in 2070-2099. Figure 3 shows percentage increase in precipitation for 2070-2099 over the study area relative to 1961-1990. À12 À19 À18 À15 À20 À23 À21 À7 À19 À22 À22 À17 À18 À26 À20 À19 
Projected Effects of Climate Change on International River Flows
[24] The Euphrates River is 3000 km long, with a basin area of 879,790 km 2 . According to the FAO (FAO, AQUA-STAT, 2009), Turkey contributes 89% (28.1 km 3 of water) of its annual discharge, while Syria contributes 11%, and the remaining riparian countries contribute negligible amounts. The Tigris River is 1850 km long, with Turkey providing 51% (21.3 km 3 ) of its annual natural discharge, Iraq 39%, and Iran 10% [FAO, 2009] . The Shatt Al-Arab is the river formed by the confluence of the Tigris and Euphrates, which flows into the Persian Gulf. Just prior to entering the Persian Gulf, the Shatt Al-Arab is joined by the Karun River, which adds a significant amount of additional fresh water. The average annual discharge rate of the Tigris-Euphrates is difficult to determine because of significant interannual variation in river flows, with annual discharges varying from as low as 30 km 3 to as much as 84 km 3 [FAO, 2009] . Table 5 shows the volumetric contributions of each of the riparian nations to the Tigris-Euphrates river basin on the basis of the estimates of the FAO, which suggest that the annual discharge averages 73.4 km 3 . This estimate is comparable to the 80 km 3 computed value modeled by Jones et al. [2008] using streamflow gauge data for the period of 1965-1973. [25] The PRECIS model outputs suggest that the average annual Tigris-Euphrates river discharge could decline by 9.5% by the 2040-2069 period. The decline is greatest in Turkey at 12%, while it is only 4% in Iraq. There is a further decrease in river discharge by 2070-2099; however, the decrease is less than 1%. This end of the century estimate of a 10% decrease in overall river basin discharge is lower than that by Kitoh et al. [2008] , who estimated a discharge decrease of between 29% and 73% for the Euphrates River for 2080-2099, depending upon the climate change scenario considered. However, the projections of Kitoh et al. [2008] were questioned by Ben-Zvi and Givati [2008] , who suggested that the large differences between the simulated and observed values for the Jordan River system in the model used by Kitoh et al. meant that their results were of questionable validity. See Table 5 for the modeled discharge data.
[26] The Jordan River is 250 km long, with a catchment area of 18,500 km 2 [FAO, 2009] . The three headwater springs of the Jordan, the Dan, the Hasbani, and the Banias, together contribute approximately 0.504 km 3 yr À1 to the Jordan's discharge, with local runoff in the Hulah Valley contributing another 0.140 km 3 , but there is a net loss of 0.070 km 3 because of evaporation over Lake Tiberius [Murakami, 1995] . Thus, the upper Jordan basin contributes approximately 0.574 km 3 of water to the basin. Downstream of Lake Tiberius, the Yarkmouk River contributes 0.400 km 3 , with the remainder of the east bank of the Jordan River contributing 0.207 km 3 from various wadis and springs [Murakami, 1995] . Another 20% (0.105 km 3 ) of the lower Jordan's discharge comes from Israel, with the remainder of the river's discharge (0.211 km 3 ) coming from the West Bank. As with the Tigris-Euphrates river basin, the Jordan's annual discharge rate is extremely variable, with inflows into the Dead Sea, the highly saline terminal lake of the Jordan River basin, being massively reduced in recent decades compared to natural conditions because of irrigation and water diversions upstream.
[27] The PRECIS simulations indicate that available water resources in the Jordan River basin will decline during the course of this century, suggesting a 22% fall by 2040-2069 and a 30% fall by 2070-2099, with the decrease being relatively even across the catchment. This decline in the Jordan River discharge is significantly less than that estimated by Kitoh et al. [2008] , who estimated an 82%-98% decrease in the discharge of the river for the 2080-2099 period, depending upon the climate change scenario considered. However, this PRECIS modeled decline in discharge is comparable to but slightly greater than that modeled by Kunstmann et al. [2009] , who estimated a 10%-15% decrease in precipitation in the upper part of the Jordan basin in the 2035-2060 period, compared to the PRECIS-modeled decrease in precipitation in 2040-2059 of 17% for the same region. The PRECIS estimate is also comparable to that of Samuels et al. [2010] , who estimated, using a downscaled RCM, that there would be a 10% reduction in annual precipitation, a 10%-11% reduction in daily mean base flow, and a 17% reduction in daily mean surface flow in the 2036-2060 period relative to the 1980-2004 period in the upper catchment of the Jordan River.
Effects of Population Change and Economic Development on Water Resources
[28] There is a diversity of levels of economic and social development across the study area, which means that a diversity of adaptation approaches to future climate change will be required. While five countries (Bahrain, Cyprus, Greece, Israel, and Qatar) are considered by the UNDP to have very high levels of human development, the majority of countries are considered to have medium or high human development [United Nations Development Programme, 2010] [29] Population growth rates across the study region vary significantly and, indeed, range from among the fastest to slowest in the world. Over the 2005-2010 period, Qatar recorded the fastest population growth rate of any country in the world, with a population growth of 10.65% yr À1 , while Georgia had the second fastest rate of decline after Niue [United Nations Population Division, 2009 ]. According to the United Nations Population Division's medium-variant estimate, by 2050, population growth will have significantly slowed across the region, with 9 out the of the 20 study countries recording negative population growth rates by then, and all but two countries having growth rates of less than 1%. See Table 6 for a summary of United Nations population projections for the study countries.
[30] Internal renewable water resources currently range from 13,638 m 3 per capita per year in Georgia to approximately zero in Bahrain and Kuwait, where water needs are currently met largely through desalination. Eight countries currently have less than 1000 m 3 per capita per year, the threshold that is generally used to define water scarcity according to the commonly used Falkenmark definition [Falkenmark, 1992] . This definition is based upon the amount of water a country requires in order to achieve food self-sufficiency using irrigated agriculture in a semiarid environment. Two countries (Bahrain and Kuwait) currently have less than the 50 m 3 per capita per year, the amount of water suggested by Chenoweth [2008] as the minimum amount of water required by a country for meeting domestic water needs and developing a water-efficient nonagricultural economy that permits social and economic development. Thus, both of these countries already depend upon desalination to meet most of their water needs. There is currently a divide between those countries that can easily afford to supplement their available freshwater resources through desalination as a result of their strong economic position, such as Bahrain, Israel, and Kuwait, and those countries or regions that face significant financial difficulties doing so, such as Jordan and the Palestinian territories [Sowers et al., 2011] . Table 7 shows the projected per capita water resources for the study countries under a range of population scenarios.
[31] A country's water footprint is defined as the total volume of freshwater (both green and blue water) required to produce the goods and services consumed by the people of that country [Chapagain and Hoekstra, 2004b] . According to Chapagain and Hoekstra [2004b] , the global average water footprint is 1243 m 3 per capita per year. Among the study countries (for which there are data, thus excluding FYROM and the Palestinian territories), water footprints vary from 792 m 3 per capita per year in Georgia (ironically, currently the most water plentiful of the study countries in per capita terms) to 2389 m 3 per capita per year in Greece, with the average being 1391 m 3 per capita per year [Chapagain and Hoekstra, 2004a] . There is only a weak correlation between water footprints and economic development; Syria, for example, has a water footprint of 1827 m 3 per capita per year but is a medium-income country, while Qatar has a water footprint of 1087 m 3 per capita per year but has the world's highest income level. These water footprints include all of the water used by a country, either directly within its borders or indirectly to produce the goods and services that it imports from other countries. The total water footprint of the study countries (for which there are data, thus excluding FYROM and the Palestinian territories) is 250 km 3 , of which 195 km 3 , or 78%, are obtained internally and 55 km 3 are imported. Thus, approximately 22% of the region's water needs are met through ''virtual water'': the import of water effectively embedded in products sourced externally.
[32] It is difficult to quantify the effect that climate change will have on virtual water requirements in the study countries as the water footprint data presented by Chapagain and Hoekstra [2004a] do not differentiate between water use via rain-fed agriculture (green water) and the use of water that is extracted from the environment as water (blue water). However, if the internal water footprint of the study countries declines in line with the precipitation decline modeled by 2040-2059, then the internal water footprint will reduce to 176 km 3 yr À1 . Simultaneously, however, if the per capita water footprint does not change and thus the total (internal plus external) water footprint increases in line with population growth, then for the medium-variant population projection of the United Nations Population Division the total water footprint for the study countries increases to 361 km 3 by midcentury. This would mean that the virtual water requirement of the region increases from approximately 55 to 185 km 3 yr À1 , or from 22% of the total water footprint of the countries to 51%. Thus, more than half the region's water needs may need to be met from external sources by midcentury unless water use efficiency improves. In reality, it is likely that the increase in virtual water would be somewhat smaller than this analysis suggests, as growing populations and declining water resources would likely lead to improvements in water use efficiency and an intensification of water resources use in the countries where water resources are not yet fully exploited. Whether such an increase in virtual water imports is possible will also depend upon the state of global markets, particularly for agricultural goods. These will be influenced by global population growth and economic development and the effects of climate change on global agriculture, particularly in the key agricultural export regions.
[33] Placing an economic value on the water resources lost as a result of climate change is problematic as value judgments are required. Where declining water resources result in no reduction of extracted water but reduced environmental flows, the quality of the environment is reduced, but this may or may not translate into direct economic costs. Where declining water resources, however, are replaced through increased desalination, an economic cost can be estimated since the current minimum cost of desalinating seawater is known. Desalination costs have steadily declined over the last few decades, with recent desalination contracts providing desalinated seawater at a cost as low as $0.53 m À3 in the case of the Ashkelon plant in Israel and $0.45 m À3 in the case of Singapore [Gleick et al., 2006] . However, desalination based on fossil fuels, as is currently the norm in the region, will contribute, in turn, to global warming.
[34] The volume of internal water resources across the study countries is modeled to decline from 464 km 3 yr À1 in 1961-1990 to 419 km 3 yr À1 in 2040-2069, a loss of 45 km 3 yr À1 , and to 412 km 3 yr À1 in 2070-2099, a loss of 52 km 3 yr À1 . At a price of $0.50 m À3 , the cost of replacing the lost volume of internal water resources through desalination would be $22.5 Â 10 9 yr À1 in the 2040-2069 period and $26 Â 10 9 yr À1 in the 2070-2099 period when evaluated in current U.S. dollars. This compares to total gross domestic product (GDP) across the study countries in 2008, which was in excess of $1736 billion [United Nations Development Programme, 2010] . Obviously, it is unlikely that decreases in internal water resources would be fully replaced by desalination in each country, but conversely, desalinated seawater may require expensive pumping inland, which adds to the cost, and there would be significant environmental impacts resulting from such large-scale desalination. Nonetheless, this provides a very crude indication of how costly changes in available water resources may be in absolute terms and in relation to the overall size of the region's economy.
Impacts of Climate Change and Possible Adaptation Measures
[35] There is a growing body of literature on possible adaptation measures to deal with climate change, including research that has looked specifically at adaptation measures relating to water resources [Fung et al., 2011; O'Neill and Dobrowolski, 2011; Sowers et al., 2011; Warren, 2011; Ziervogel et al., 2010] . Population projections for 2050 combined with the projected 2040-2069 internal water resources provide an indication of possible per capita water resources for 2050. As outlined in the country analyses in sections 4.6.1-4.6.18, countries that are already water scarce or severely water scarce all suffer reductions in their per capita internal water resources when the medium-variant population projection for 2050 is combined with the modeled change in water resources. Given the transboundary nature of some key water resources in the region, international cooperation will be required in some river basins, some of which are partially managed through international treaties [Drieschova et al., 2009] . The Jordan River basin is an example of such a river basin. As the analyses below are based on annual precipitation values, adaptation measures required specifically to deal with temporal variability and changes in the frequency of extreme events are not considered. 4.6.1. Albania [36] According to the analysis of the PRECIS model results, Albania's water resources will decline by 14%.
With its population not expected to grow significantly and being generously endowed with water relative to its population, Albania should not experience significant socioeconomic impacts due to climate change reducing water availability.
Armenia
[37] The PRECIS model results suggest that precipitation and water resources will increase very slightly by the middle of the century and then decline slightly by the end of the century relative to 1961-1990 levels, but the change in precipitation in both cases will be less than 1%. With Armenia's population not expected to change significantly, per capita water resources will not change significantly either. Thus, in terms of its effect on water resources, climate change is not expected to require significant adaptation in Armenia.
Azerbaijan
[38] By midcentury, PRECIS suggests that precipitation in Azerbaijan is expected to have declined by 1.1%, with a further 0.1% decline over the remainder of the century; thus, the effects of climate change on water resources will be negligible. Azerbaijan is expected to have some population growth over the coming decades, resulting in water resources per capita declining from around 919 m 3 at present to around 759 m 3 by midcentury. With 25% of its economically active population working in agriculture [FAO, 2006] , socioeconomic change will be required as its agricultural sector shrinks because of growing water scarcity due primarily to population growth and economic growth. 4.6.4. Bahrain [39] With extremely low precipitation rates and relatively high evapotranspiration, the PRECIS modeling suggests that Bahrain's extremely meager water resources will remain extremely limited. Thus, desalination will remain the primary source of fresh water in Bahrain, supporting an economy dependent upon services, industry, and mining.
Bulgaria
[40] The PRECIS projections suggest that Bulgaria will experience a 9% decrease in precipitation and water resources by midcentury and a 13% decrease by the end of the century. However, with Bulgaria's population projected to have declined even more significantly by the middle of the century, per capita water resources are expected to increase. Demographic change is likely to require more adaptation of its agricultural sector (and the economy more generally) than climate change. 4.6.6. Cyprus
[41] The PRECIS projections results suggest that precipitation in Cyprus will decrease by 20% by midcentury. Some of this decrease will be reversed by the end of the century, with precipitation in 2070-2099 decreasing by 17% relative to . Coupled with population growth, per capita water resources by midcentury are expected to be only slightly in excess of half their current levels. Such a change will severely impact upon both Cyprus' agricultural sector and also its urban water supply systems. Agriculture will have to rely increasingly on treated wastewater, while desalination is expected to supply an increasing proportion of the urban water supply. 4.6.7. FYROM [42] FYROM is expected to face a 10% decrease in precipitation by midcentury, with the decrease reaching 14% by the end of the century. With population projected to decline by a similar amount as precipitation and water resources, there is no need for FYROM to anticipate any significant change in per capita water resources by midcentury. Demographic change is likely to bring greater change to its economy than climate change. 4.6.8. Georgia
[43] PRECIS suggests that Georgia will experience modest increases in precipitation and water resources by midcentury, which will further increase modestly by the end of the century. Coupled with the significant decline in population that is expected, Georgia's per capita water resources, which are already the greatest of the study countries, will increase significantly. Thus, like some of the other European countries of the study region, demographic change will likely bring far greater change to its water resources and economy than climate change, and the country may have some scope to develop more water-intensive industries to help compensate for the water resources declines elsewhere. 4.6.9. Greece [44] Greece is expected to have an 18% precipitation decrease by midcentury, and 22% by the end of the century. With modest population decline expected, Greece's per capita water resources are expected to decline somewhat by midcentury but still remain high compared to the majority of the study countries. Thus, climate change is likely to necessitate modest changes to Greece's water resources management. 4.6.10. Iraq [45] Iraq is expected to have a 3% decrease in precipitation by midcentury and a 5% decrease by the end of the century. In addition, by midcentury the discharge of the Tigris-Euphrates is expected to have declined by 10%, although no further decline is predicted over the remainder of the century. With Iraq being the downstream riparian nation of the river basin, it is likely to suffer a disproportionate share of this decline in discharge as the upper riparians try to limit the impact of the decline by taking an increasing share of the water resources. On top of the significant declines in internal and total water resources, Iraq has a very fast growing population, which is expected to double by midcentury. This will produce a greater change in per capita water resource availability than climate change. Thus, Iraq will probably change from being water stressed to being water scarce, a change that is likely to impact severely on its large irrigated agricultural sector and require significant adaptation. That the effects of population growth are likely to be far more significant than climate change for Iraq is similar to the conclusion reached by Conway [2005] , who on the basis of a review of several studies relating climate change and the Nile River, concluded that climate change impacts in Egypt were likely relatively minor in relation to nonclimate changes, such as population growth and socioeconomic development. 4.6.11. Israel [46] The PRECIS results suggest that Israel will experience a decrease of 13% in precipitation by midcentury and 19% by the end of the century. However, the discharge of the Jordan River, one of Israel's major water sources, is expected to decrease even more, i.e., 22% by midcentury and 30% by the end of the century; thus, the total water resources of the country will be severely affected by climate change. With population expected to increase significantly, per capita internal water resources are expected to decline to a very low level, only 61 m 3 per capita under the medium population projection by midcentury. This means that the existing trend of a declining agricultural sector that is increasingly reliant on treated wastewater as its water source will likely continue as the country relies more and more on desalination to meet its water needs and economically relies on its industrial and service based economy rather than its agricultural sector. 4.6.12. Jordan [47] Precipitation is modeled to decrease by 17% by midcentury and 21% by the end of the century. The discharge of the Jordan River system, the country of Jordan's primary water source, is projected to decrease by 22% by midcentury and 30% by the end of the century. With significant population growth also forecasted, Jordan's per capita water resources are projected to shrink significantly from an already very low level. Under the medium population projection of the United Nations, annual per capita water resources may only be 56 m 3 by midcentury and still declining. At this level, Jordan's water resources will only be slightly above the minimum water requirement for social and economic development that would allow the country to provide its citizens with a high quality of life, and given the variability of precipitation in the region, in some years, even the minimum water requirement will not be available. Although some of the water Jordan takes from the Jordan River basin is secured by international treaties, such treaties may have to be renegotiated if precipitation in the basin declines radically.
[48] Unlike most of the other study countries, Jordan's options for dealing with its increasing water scarcity are limited as it lacks a long coastline adjacent to its major population centers. The vast majority of Jordan's population lives in the Amman region in central northern Jordan at an altitude of 600-900 m above sea level, with the country's only coastline on the Red Sea a few hundred kilometers away. This makes desalination a very costly option for the country and suggests that it will need to cooperate with its neighbors if it is to develop a more cost-effective solution for providing additional water supplies while at the same time maximizing water use efficiency and wastewater reuse. 4.6.13. Kuwait
[49] Kuwait currently has essentially no internal water resources and is thus dependent on desalination to meet its freshwater needs. This situation is not expected to change with climate change.
Lebanon
[50] Precipitation is expected to decrease by 24% by midcentury and decrease by 31% by the end of the century. With Lebanon's population also projected to increase, per capita internal water resources will decrease from around 1136 m 3 today to around 725 m 3 by the middle of the century. This decrease will be due fairly equally to both population growth and climate change. Such a decrease will create some water supply challenges, particularly during drought years, but it still leaves Lebanon with significantly more per capita water resources than its neighbors. It will take Lebanon's per capita water resources below the W06506 CHENOWETH ET AL.: IMPACT OF CLIMATE CHANGE ON WATER RESOURCES W06506 current level of Cyprus but well above the current level of Israel. 4.6.15. Palestinian Territories [51] In the Palestinian territories, precipitation is expected to decrease by 15% by midcentury and 23% by the end of the century. Simultaneously, the population of the Palestinian territories is projected to more than double by midcentury; thus, any change in per capita water resources availability due to climate change is likely to be minor compared to the change due to population growth. Per capita internal water resources may only be 67 m 3 by midcentury compared to 190 m 3 now. In the Gaza Strip, large-scale desalination or water imports will be the only options for meeting the population's water needs in what will increasingly be an urban economy. In the West Bank, greater use of the aquifers shared with Israel and the Jordan River system will be required in order to meet basic water needs. However, with the discharge of the Jordan projected to decrease by 22% by midcentury and 30% by the end of the century, the scope for gaining a share of this river as a downstream riparian will be limited. This means that like Gaza, the West Bank's economy will have to become nearly entirely industrial and service based, with little agriculture, if economic development needs are to be met in the context of severe water scarcity. 4.6.16. Qatar
[52] Qatar currently has extremely limited available renewable freshwater resources and is thus largely dependent on desalination to meet its freshwater needs. This situation is not expected to change with climate change even though PRECIS predicts a 28% increase in precipitation in Qatar by midcentury and a 55% increase by the end of the century, in part because population is expected to increase by a greater amount, which will ensure no increase in per capita water resources. 4.6.17. Syria
[53] PRECIS projections suggest an average precipitation decline of 14% by midcentury and 16% by the end of the century for Syria. With population anticipated to have increased very substantially, annual per capita internal water resources will nearly halve by midcentury to only 164 m 3 . Being a riparian nation on both the Jordan River and also the Tigris-Euphrates river basin, it will also be affected by changes within these catchments, with both rivers expecting a significant decrease in discharges. While it is an upper riparian in the Jordan and thus may be able to compensate for reduced precipitation by taking a larger share of the Jordan's waters, in the case of the Tigris-Euphrates, which is a far larger and more significant water resource, it is a midriparian and thus may suffer reduced water availability if Turkey compensates for its own reduced water availability by taking an increasing share of the Tigris-Euphrates waters.
[54] In Syria, 88% of water withdrawals are currently for agriculture, and 25% of the agricultural land is irrigated [FAO, 2009] . Approximately 25% of the economically active workers are employed in agriculture, meaning that the socioeconomic implications of climate change could be severe for this segment of the society and could possibly lead to cascade effects elsewhere in the economy. Thus, the more rapidly that the Syrian government can develop its industrial and service based economy, the easier such a transition will be.
Turkey
[55] Turkey has by far the largest rural population of the study area, with 43% of its economically active population, nearly 15 million people, working in agriculture. Its precipitation and water resources were projected to suffer a modest decline of 11% by midcentury and 12% by the end of the century. While the decline in water resources that Turkey faces is slightly less than Syria and water resources as a whole for the country remain relatively plentiful, Turkey is still facing having its per capita water resources decrease by nearly one third by midcentury. Turkey's agricultural sector will therefore be forced to become more water efficient and will, despite this increased efficiency, probably still decline as a source of employment. In spite of this decline, Turkey is likely to remain a major net agricultural exporter as its large land area, large rural population, and relatively large water resources will allow it to export virtual water to its water-scarce regional environment.
Discussion and Conclusions
[56] The PRECIS projections for the 21st century, based on the IPCC SRES scenario A1B, suggest that precipitation in the countries of the EMME region will decline by an average of about 10%, with a great diversity among individual countries. These are highly significant changes, which will require considerable adjustments of water resource management in many countries and associated infrastructural changes that in some cases, will necessitate decades to plan and implement.
[57] When the PRECIS modeling results for the recent past , however, are compared to the AQUA-STAT and CRU data sets, the average difference between the annual precipitation estimate of PRECIS and that of AQUASTAT is 27%. The PRECIS projections fall in line with an ensemble of 16 statistically downscaled GCMs and could be considered useful for showing the direction of trends and providing some indication of the magnitude of the trend, but uncertainties of the modeling process are such that the extent of the decline cannot be reliably and precisely quantified. The uncertainty is magnified further when considering that the modeling is based upon a single IPCC SRES scenario, whose likelihood of being realized is itself uncertain.
[58] According to Giorgi and Lionello [2008] , the two main sources of uncertainty in precipitation projections in the eastern Mediterranean are uncertainties in GCM boundary conditions and internal RCM physics and dynamics. In addition to these, in spite of the relatively high resolution of the PRECIS RCM compared to global climate models, it is still too coarse for accurate precipitation estimation on a country level because of its inability to capture finer topographical features at the subcell level and insufficient handling of the land-sea interface. Since precipitation is highly variable on both the spatial and temporal scales, it is even more difficult to model changes, especially for small countries.
[59] The modeling results need to be taken in their wider societal context. Climate is just one of the many factors that will change over the coming century if history is any guide. Despite minimal climate change occurring during the 20th century, the world in the year 2000 was nearly unrecognizable from the world of 1910. To put the changes in water resources that have been envisaged into context, take the example of Jordan. In the 1930s, Jordan had a population of about 300,000 people [Casto and Dotson, 1938] . The population of the country subsequently rose dramatically, partly through a high natural growth rate but also through influxes of refugees: 450,000 immigrants from Palestine in 1948-1950, 400,000 immigrants from the West Bank in 1967, and 300,000 Jordanian nationals from the Gulf states following the 1991 Gulf War [Hassan, 2004] , with the recent conflict in Iraq bringing more than 500,000 Iraqi refugees to Jordan during the last 5 years [United Nations High Commission for Refugees, 2010] . While some of the change in population due to natural growth may have been possible to predict in advance using demographic models, predicting the sudden and dramatic changes in population due to immigration, such as the approximate doubling of the population in 1948-1950 due to the influxes of refugee immigrants, would not have been possible. However, as a result of these changes, water resources per capita have decreased from approximately 2350 m 3 per capita per year in the 1930s to 111 m 3 per capita per year today. Considering the scale of the demographic change that occurred in this time period, any shifts in per capita water resources availability due to climate were insignificant in comparison.
[60] If the extent of the economic and technological development that occurred during the 20th century is any guide, then the economic and technological change that will occur during the 21st century will also transform water resources management in the study countries far more than climate change will. While credible economic data stretching back a century are limited, according to the economic historian A. Maddison (see http://www.ggdc.net/MADDI-SON/oriindex.htm), GDP in Jordan grew from $348 million in 1913 to $28,946 million in 2006 (measured in constant 1990 U.S. dollars), an 83-fold increase. Elsewhere, the transformation was similarly great. GDP increased in Turkey from $18,195 million in 1913 $18,195 million in to $568,953 million in 2006 $18,195 million in and in Greece from $8,635 million in 1913 $18,195 million in to $168,106 in 2006 . Simultaneously, the real cost of water supply technologies, and specifically desalination, has fallen significantly over the past century. The average unit of cost of desalination has fallen from around $6.00 m À3 in 1960, about the time when the first large-scale commercial desalination plants started operating, to around $1.0 m À3 today [Zhou and Tol, 2005] , with costs as low as $0.45 achieved in some locations today.
[61] While political and social changes cannot generally be modeled over century-long time scales, climate change can be modeled, and although the accuracy of the results is less than desired, the direction and magnitude of the changes identified are relatively certain. Thus, in a future that is full of technological, political, social, and economic uncertainty, climate change is a relative certainty that can be considered and planned for by policy makers. This is useful given that major water resources infrastructure can require very long lead times. For example, although the water transfer scheme from Lake Tiberius to Israel's coastal plain, the National Water Carrier, was first proposed before Israel as a country was established, the National Water Carrier only became operational in the mid-1960s.
[62] Broadly speaking, analysis of the PRECIS projections for the EMME region in terms of the effects of climate change suggests that water resources will not change particularly significantly in southeastern Europe, where water resources are presently relatively plentiful and population growth is small or even negative. However, in much of the Middle East, including those areas where agriculture is still highly significant, despite relatively limited water resources availability, climate change coupled with population growth is likely to considerably reduce both total water resources and, particularly, per capita water resources. This will inevitably result in major social, economic, and environmental change in the region, bringing about urbanization and requiring significant development of the industrial and service based economies of these countries. Thus, significant adaptation taking place over decades will be required.
